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b.  Research  Objectives 

Tte  original  proposal  for  rsasaroh  on  high  power  Nd: glass  testing  of 
gas as  listad  thraa  ganaral  tasks  that  wars  to  ba  accomplished  during  tte 
ona-yaar  study. 

1.  Demonstrate  lasar  oscillator  and  first  stags  aaplifiar  operation  at 
1.06  pa  st  powar  1 avals  up  to  1  KV. 

2.  Idantify  tte  geoaatrio  configuration  and  pressure  levels  for  gas 
absorbtivlty  a aas urea ants  at  1.06  va. 

3.  Establish  physioal  principles  that  approximate  the  interaction 
between  a  short  duration,  high  power  lasar  baas  and  a  gas,  in  order 
to  guide  experiaents.  Obtain  representative  productions  froa 
ona-dlaansional  laser  absorption  analysis  at  1.06  va. 

However,  it  had  been  Identified  early  in  tte  contract  year  that  this 
research  effort  would  not  be  continued  beyond  tte  one  year  funded  period. 
Accordingly,  there  was  dm-eaphaala  of  tte  tasks  2  and  3.  with  greater  eaphasls 
on  task  1 :  determination  of  aaplifiar  perferaanoe  for  a  aode  locked 


osoillatcr  output. 


Status  of  Research  Effort 
1.  Experiment  (Zioh) 

Studies  ware  Bade  of  several  aspects  of  the  physios  involved  in 
the  operation  of  a  high  power,  node-locked  laser.  The  theory  of 
■ode-looking  and  the  Methods  of  achieving  node-looking  in  a  systea 
were  investigated  and  the  results  were  presented  in  a  report 
(Appendix  A).  Mode- locking  and  simultaneous  node-looking  and 
Q-awitohlng  are  of  interest  because  the  peak  powers  obtained  are 
higher  than  the  powers  available  fron  CV  operation.  The  higher  peak 
powers  yield  greater  effioienoy  in  frequency  doubling  and  in 
extracting  energy  fron  an  amplifier .  The  spacing  between  the 
■ode-looked  pulses  is  of  the  order  of  10ns.  which  allows  acne  tine 
far  repopulation  of  the  lasing  level  as  well  as  offering  the 
possibility  of  tenporal  resolution  in  diagnostics  work  or  of 
statistical  signal  averaging.  The  diagnostics  possibilities  are 
dependent  on  a  fast  detection  and  recording  systen. 

The  effect  of  Nd  doping  levels  in  glass  rods  was  examined  with 
regard  to  producing  a  uniform  bean.  At  higher  doping  levels, 
absorption  of  the  punp  light  in  the  periphery  of  the  rod  results  in 
leas  punping  of  the  rod  center  and  lower  intensity  at  the  center  of 
the  beat.  In  extrene  cases  this  yields  an  annular  intensity 
distribution  (Appendix  A). 

A  study  of  thermal  effects  in  laser  rods  was  carried  out.  The 
report  of  this  work  is  included  as  Appendix  B.  The  study  was 
undertaken  anticipating  heating  effects  would  occur  in  the  amplifier 
rod  with  relatively  long  piap  tine  with. 10  ms  bursts.  Thermal 


lenaing  and  thermal  birefringence  also  occur  in  quaai-cw  or 
multi-pulse  systems.  Thermal  effects  could  be  significant  in  the 
oseillator  as  well.  Thermal  effects  cause  distortion  of  the  beam, 
which  could  lead  to  unacceptable  divergence  and/or  uneven  heating  of 
a  working  fluid.  In  addition,  frequency  doubling  or  diagnostic 
applications  require  a  uniform  beam  for  acceptable  performance. 

The  primary  work  accomplished  under  this  contract  was  the  design, 
assembly,  and  operation  of  an  Nd:XAG/Nd: glass  laser  system  capable  of 
operating  node-locked  or  mode-locked/Q-switched  for  up  to  10ms.  This 
Involved  a  survey  of  laser  and  component  suppliers  to  determine 
possible  vendors  for  the  system  components  and  for  additional 
equipment  such  as  detectors,  power  supplies,  oscilloscopes,  eto. 
needed  to  operate  and  characterize  such  a  system.  Components  were 
selected  to  meet  the  system  specifications.  An  equipment  budget  is 
presented  in  Appendix  C.  There  were  two  major  delays  in  the  delivery 
of  equipment  to  the  laboratory.  The  first  of  these  was  in  the 
construction  of  the  power  supply  for  the  laser  amplifier.  The  aeoond 
delay  was  in  the  Tektronix  7104  oscilloscope.  The  design  and 
anticipated  performance  of  the  laser  system  is  detailed  in 
Appendix  D. 

* 

A  Quantronlx  model  116R-0/ML-QS  NdsXAG  laser  was  chosen  for  the 
oscillator.  This  laser  offers  the  possibility  of  running  CW,  CW 
mode-locked,  CW  mode-locked/Q-swl tched ,  repetitively  Q-swltohed,  or 
single  shot  Q-awi tched.  The  oscillator  is  set  up  to  run  in  the  TEM* 
mode  with  an  averaging  power  of  14W  CW,  and  an  average  power  10V  CW 
mode- locked.  The  beam  divergence  is  2.2mr.  Each  mode-locked  pulse 
is  100  ps  long  and  is  lOOnJ.  The  spacing  between  pulses  is  10ns. 


Pull  specifications  of  the  oscillator  are  given  In  Appendix  D.  The 
output  of  the  oscillator  was  observed  to  Insure  that  mode-locking  and 
Q-swltohlng  were  occurring  and  that  the  frequency  of  both  processes 
was  as  expected  (Appendix  E). 

The  amplifier  was  an  Apollo  Lasers  model  26520  S  amplifier 
system.  The  pump  length  of  the  amplifier  head  Is  12”  (-15”  rod). 

The  power  supply  has  a  total  capacitance  of  4800 uf  which  gives  an 
energy  storage  of  57.624J  at  a  charging  voltage  of  4.9kV  and  83.544J 
at  5.9kV  (maximum).  This  is  arranged  in  two  banks  of  ten  240uf 
capacitors.  The  rod  is  pumped  by  two  helical  6”  Xenon  flashlampa 
(Space glass) .  each  flashlamp  driven  by  one  of  the  banks  of  tan 
oapaoitors.  A  network  inductors  lengthens  the  discharge  time  to 
enable  the  flashlampa  to  pump  the  amplifier  rod  for  10ms.  The  power 
supply  Is  constructed  so  the  pumping  time  nay  be  changed  in  "1  as 
increment a  from  Ins  to  tons  by  adding  or  detaching  capacitors  from 
the  lamps.  Eaoh  capacitor  is  worth  about  1ms  of  driving  time. 

The  amplifier  rods  are  Klgre  Q-246  silicate  glass,  15”  x  3/8" 
diameter,  with  6*  beveled  ends,  35  doped.  Silicate  glass  was  chosen 
because  of  the  good  wavelength  match  with  NdtYAC.  The  fluorescence 
peak  of  Neodymium  in  Tag  occurs  at  1.064pm.  In  silicate  glass  the 
peak  is  at  1.062pa,  0.002pm  different  from  Nd: TAG,  whereas  in 
phosphate  glass  the  is  at  1.054pm,  0.010pm  away  from  the  peak  of 
Nd: TAG.  With  the  peak  fluorescence  wavelengths  0.010pm  apart  the 
gain  available  from  phosphate  glass  is  considerably  less  than  it 
would  be  if  the  wavelengths  were  the  same.  Because  phosphate  glass 
In  general  offers  higher  gains  than  silicate  glass,  it  has  been 
proposed  that  the  large  wavelength  difference  oan  be  offset  by  the 


higher  gain  of  phosphate  glees  when  designing  Nd:YAG/Ndi glass  systems. 
Tests  on  a  second  laser  system  indicate  that  the  wavelength 
difference  is  still  significant,  and  the  silicate  glass  la  a  sore 
appropriate  amplifier  for  XdtYAG  than  phosphate  glass.  Sllioate 
glsaa  has  an  advantage  beoause  it  is  harder  than  phosphate  glass  and 
more  likely  to  stand  the  stress  of  high  power  pumping  without  damage. 

The  osolllator/ ampl if i er  system  was  set  up  as  diagrammed  in 
Appendix  D.  The  osolllator,  10X  beam  expander  (Speoial  Optics  model 
52-25-1  OX-1 .06) ,  and  amplifier  were  arranged  linearly  (straight  beam 
path,  no  mirrors)  with  about  1  meter  between  osolllator  output  mirror 
and  bean  expander,  and  about  2.5  meter  between  osolllator  and 
amplifier.  The  spacing  between  the  components  is  large  to  inhibit 
feed  back  and  to  reduce  dlvergenoe  of  the  system.  Beam  tubes 
enclosed  the  beam  path  between  oomponants  and  the  beam  path  to  the 
detection  system.  This  was  done  to  reduce  the  effects  of  dust  on  the 
system  and  to  Increase  the  safety  of  the  people  working  with  the 
laser. 

The  investigation  of  the  system  performance  was  carried  out 
using  energy  meter  and  photodiode  measurements.  The  overall  gain 
measurements  were  done  by  measuring  the  amplifier  input  laser  power 
with  a  Coherent  model  201  power  meter,  then  calculating  the  input 
energy  using  the  amplified  burst  length  as  measured  by  photodiode 
trace  and  energy  -  power  x  time.  A  Quantronix  model  500  energy 
receiver  was  used  to  measure  the  laser  energy  output  of  the  amplifier. 
There  was  no  means  to  input  oscillator  energy  into  the  amplifier  for 
Just  the  time  when  the  amplifier  flashlamps  were  being  driven,  so  the 
electromechanical  shutter  on  the  osolllator  was  rigged  to  allow  *4ims 


(shortest  time  interval  possible)  of  CW  mode-locked  emission  into  the 
amplifier.  During  this  time  the  amplifier  fl as hi amps  were  fired. 

The  oscillator  energy  which  went  through  the  amplifier  when  the 
fl as hi amps  were  not  fired  was  measured,  and  this  background  was 
subtracted  from  the  energy  measured  when  the  amplifier  lamps  were 
fired.  This  was  done  because  the  amplifier  lamps  were  driven  for  a 
maximum  of  10ms,  and  the  unamplified  oeoillator  energy  passing 
through  the  rod  before  and  after  the  lamps  were  fired  was  significant 
Measurements  were  started  using  1  capacltor/fiashlamp  ("1ms  setting) 
and  additional  capacitors  were  added  as  the  study  progressed. 

The  average  CW  mode-locked  output  of  the  oscillator  at  the  point 
of  input  into  the  amplifier  was  6.82W.  This  is  reduced  from  10. 5W 
output  of  the  oscillator  beoause  of  off-optimum  operation  and  losses. 
The  6.82W  is  the  power  of  the  entire  beam.  Tests  with  a  3/8”  (rod 
diameter)  aperture  in  front  of  a  power  meter  at  the  rod  location  have 
shown  that  beoause  of  divergence  only  an  average  power  of  3- 51  W 
were  input  to  the  amplifier  rod.  The  mode-looked  and  the  Q-switched 
pulses  were  observed  with  a  Ford  Aerospace  L4501  photodiode.  The 
frequency  stability  and  the  amplitude  stability  of  the  pulses  wes 
excellent.  The  output  power  of  the  oscillator  was  observed  to 
fluctuate  slightly  ( 5t )  on  the  10s  scale.  This  is  a  result  of  arc 
lamp  fluctuations. 

There  were  problems  with  the  amplifier  system  power  supply.  At 
amplifier  run  times  above  5  capaoltors/flashlamp  (of  a  total  of  10 
capacitor s/ flea hi amp  possible),  at  4.9kV,  the  magnetic  forces  on  some 
components  in  the  power  supply  caused  these  components  to  twist  and 


to  break  free  of  their  mounts.  This  required  s  significant  delay  to 
design  fabricate  and  install  stronger  replacement  mounts. 

Energy  and  gain  measurements  v ere  made  for  different  numbers  of 
driving  capacitors  and  different  charging  voltages.  Using  one 
driving  capacitor/ flash! amp  at  4.9kV  the  average  energy  output  was 
0.220J  the  average  gain  under  these  conditions  was  79.58.  For  two 
capaoltors/flashlamp  the  output  was  0.433J  and  the  gain  was  61.26. 
With  three  oapaoitors/flashlamp  the  energy  was  0.684J  and  the  gain 
70.65.  Five  oapaoitors/flashlamp  gave  an  average  of  0.938J  and  a 
gain  of  59.00.  Using  seven  capaoltors/flashlamp  produced  an  energy 
yield  of  1.05J  and  a  gain  of  41.97  (58.42  for  a  5ms  period}.  Ten 
capaoltors/flashlamp  gave  an  energy  of  1.1 6J  and  a  gain  of  32.37 
(63.99  for  a  5ms  period). 

In  an  effort  to  obtain  higher  output  energies  and  gains  the 
amplifier  system  was  modified  to  charge  to  a  maximum  of  5.9kV  instead 
of  4.9kV.  This  was  done  after  consultation  with  Apollo  Lasers  and 
Space  Glass  (the  flashlamp  manufacturer).  Measurements  taken  at 
Increasing  voltages  using  one  capacitor /flashlamp  showed  a  dramatic 
Increase  in  energy  output  and  gain  as  voltage  Increased.  At  4.9kV 
the  energy  was  0.220J  and  the  gain  was  79.50.  Increasing  the  voltage 
to  5.5kV  gave  an  energy  of  0.345J  and  the  gain  increased  to  94.26. 

At  5.9kV,  the  energy  was  0.557J  with  a  gain  of  152.25.  With  a  power 
input  of  3.51W,  this  indicated  0.53KW  amplifies  output;  alignment  to 
reduce  divergence  should  provide  the  desired  1KW  power  level. 

Other  observations  made  of  the  amplifier  output  burst  revealed 
unique  characteristics  of  the  burst.  Photodiode  observation  showed  a 
model  structure  with  a  temporal  separation  of  200ua  -  250us 


(Appendix  E).  These  were  not  related  to  the  mode-locked  pulses.  The 

mode-locked  pulses  were  observable  within  the  mode  structure  when  the 

time  scale  was  decreased.  The  pulsed  structure  in  the  burst  appears 

under  a  number  of  different  conditions,  including  attenuation  of  the 

beam  using  a  beam  splitter  and  a  dispersing  lens.  A  possible 

explanation  is  that  tha  pulsing  in  the  burst  is  related  to 

relaxation  oscillations  in  the  rod;  this  was  described  by  tf.  Kochner 

(Solid-State  Laser  Engineering)  although  relaxation  oscillations  are 

commonly  at  a  50kHz  -  200kHz  frequency  rather  than  4kHz  -  5kHz. 

Another  possibility  Investigated  was  fluctuations  in  flashlamp  output 

due  to  current  or  voltage  fluctuations.  The  voltage  and  current 

driving  the  flaahlampa  showed  ho  oscillations  which  might  be  related 

to  the  pulsation.  (Appendix  E) 

Photodiode  records  of  the  amplified  burst  while  the  system 

operated  for  10ms  showed  that  the  amplifier  would  amplify  for  only 

about  5  ms,  although  the  fl as hi amps ,  as  indicated  by  current  and 

voltage  records,  pumped  the  rod  for  a  full  10ms.  This  tendency  is 

evident  for  all  run  times  greater  than  5ms.  At  run  times  less  than 

5ms  the  amplifier  amplifies  for  the  entire  time  period.  The  cause  of 

this  phenomena  is  not  yet  understood.  A  14"  x  3/4"  ED-2  silicate 

glass  rod  was  borrowed  from  Apollo  Lasers  to  test  whether  the 

pulsation  and  gain  decay  effects  originate  in  the  type  of  silicate 

glass  used  in  the  amplifier  rod.  The  test  was  not  entirely 

successful,  apparently  due  to  poor  pumping  of  the  rod  resulting  from 

absorption  in  the  thicker  rod.  The  ED-2  rod  did  amplify  at  a  very 

low  level  (gain  20  -  25),  and  the  amplified  burst  shows  a  smooth 

structure  with  no  pulsations.  At  the  same  3kV  voltage,  the  Q-246 

silicate  glass  rod  did  not  demonstrate  the  fluctuating ’output  evident 
at' higher  charging  voltages. 
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As  a  data  recording  system  for  the  laser  system,  a  number  of 
alternatives  were  considered.  There  is  not  yet  a  digitizer  or 
oscilloscope  with  fast  enough  response  to  capture  the  lOOpa  pulses 
without  distortion.  A  fast  programmable  digitizer  would  allow 
observation  of  the  pulse  shape  based  on  the  known  electronic 
characteristics  of  that  digitizer,  but  budget  constraints  did  not 
permit  this  option.  A  fast  oscilloscope  was  chosen  after  a 
demonstration  of  the  oscilloscope  showed  the  mode-locked  pulses  would 
not  be  distorted  to  uselessness  by  the  device.  A  more  complete 
report  on  detection  systems  is  included  in  Appendix  F. 

Recommendations 

The  “200us  pulsations  in  the  burst  structure  should  be 
investigated  further.  The  test  using  an  ED-2  amplifier  rod  seemed 
promising,  but  a  test  with  an  ED-2  rod  of  the  same  size  and  end 
bevels  as  the  present  Q-246  rod  would  be  more  conclusive.  Additional 
tests  with  identical  Q-246  and  ED-2  rods  might  also  indicate  the 
cause  behind  the  gain  decoy  after  5ms.  Comparison  with  results  from 
a  phosphate  glass  rod  would  establish  gain  factors  for  phosphate  and 
silicate  glasses  amplifying  Nd:YAG,  as  well  as  providing  more  data  on 
the  use  of  Nd:glass  for  long  burst/pulse  amplification.  Studies  of 
the  gain  and  energy  output  of  the  present  system  should  be  pursued  to 
determine  the  benefit  of  driving  the  amplifier  flashlamps  at  higher 
voltages.  Comparison  should  be  made  between  the  efficiency  of  fewer 
long  bursts  versus  shorter  bursts. 


Theory  (Breisaoher) 

The  neehanlaa  of  a  continuous-wave  laser  propulsion  system  and 
the  potential  uses  of  suoh  a  system  were  outlined.  The  formulation 
of  a  one-dimensional  model  for  an  absorber  and  nozzle  combination,  as 
developed  by  Merkle  and  Gulatl  was  examined  in  detail.  The  problem 
of  divergence  of-  their  solution  for  the  absorption  chamber  being 
radiated  at  short  wavelengths  was  considered,  A  plan  of  attack  was 
developed  utilizing  the  new  numerical  method  of  Keefer,  Peters,  and 
Crowder  to  obtain  a  complete  numerical  solution  for  an  absorber  and 
nozzle  wavelengths  of  .53um  and  1.06pm  at  incident  laser  intensities 
on  the  order  of  4.0  x  10?  W/m2. 

The  results  of  this  effort  are  as  follows.  First,  the 
representation  of  the  thermodynamic  properties  of  hydrogen  under  the 
influence  of  short  wavelength  radiation  was  completed.  The  second 
major  effort  involved  utilizing  Keefer’s  numerical  Integration 
techniques  to  the  absorption  problem  for  short  wavelength.  The 
results  were  partially  successful.  There  was  limited  information  in 
the  literature  on  the  details  of  Keefer's  techniques.  However,  the 
present  effort  did  succeed  in  achieving  a  satisfactory  solution  for  a 
test  oase  reported  by  Keefer .  However ,  exact  reproduction  of  his 
results  was  not  obtained.  The  incident  intensity  was  a  factor  of  3 
different,  while  the  position  of  real  temperature  oocurred  densities. 
This  effort  was  terminated  with  the  graduation  (B.S.  in  Aerospace 
Engr.)  of  Mr.  Breisaoher  in  June  1984. 
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APPENDIX  A 

DETAILED  INVESTIGATION  OF  LASER  OPTICAL  TECHNIQUES 
A.  Mod*  Locking 

A  further  study  of  mods  locking  and  node- locker*  has  bssn  node. 

Mods  locking  is  a  procass  which  ras trices  ths  axial  sodas  of  a  lasar  so 

thsy  havs  a  coion  phasa  relationship.  Ths  tar*  "axial  sodas”  is  a 

rsfsrsncs  to  ths  ability  of  lasers  to  snpport  a  nusber  (anywhere  from 

three  to  several  hundred)  of  closely  spacad  but  discrete  frequencies. 

The  explanation  of  this  is  as  follows:  the  toal  gain  of  a  lasing  sodium, 

g(»),  is  a  function  of  the  single  pass  traveling-wave  gain  g^(u). 

There  is  a  phase  shift  during  amplification  which  coses  fros  a  tars 

n  uL/c  in  I,  (u)  where  n  ■  index  of  refraction  of  the  cavity,  u  “  center 
O  1  o 

frequency  of  the  laser  line,  L  “  cavity  length,  and  e  -  speed  of  light 
(2no  uL/c  for  a  round  trip  in  the  cavity).  Because  of  this  tern  the  gain 
is  high  only  for  frequencies  which  fulfill  the  condition. 

2nQuL/c  ■  2rq  q  •  0,  1,  2, ... 

Thus,  the  frequencies  are^: 

f  »  m/2t  *  qc/2n  L 
o 

with  the  additional  stipulation  that  the  frequencies  lie  within  the 
atonic  linewldth  of  the  laser  transition.  Ths  frequency  spacing  between 
two  adjacent  axial  nodes  is 

£  ■  f,+i  - f,  ■  c/!\L 

In  practice  is  often  taken  to  be  equal  to  unity  for  purposes  of 


.*• 

r 


••tinting  th*  puls*  lengths  and  the  frequency  spacing.  In  other  words, 

since  the  frequency  linewidth  of  the  laser  transition  is  finite,  a 

range  of  frequencies  can  be  supported  by  this  transition.  The  allowed 

frequencies  are  then  determined  by  the  requirement  that  an  Integral 

number  of  half  wavelengths  of  the  given  frequency  must  exist  in  the 

cavity,  otherwise  destructive  interference  will  occur  and  the  wave 

will  be  extinguished.  These  frequencies  constitute  the  axial  modes. 

The  peak  Intensities  versus  frequencies  of  the  nodes  for  a  given 

transition  determine  a  Gaussian  envelope  centered  on  the  midpoint  frequency 
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of  the  transition.  Individual  mode  intensities  are  given  by 

I  -  I  exp  {-4  la[  2(nu  /flv)2]} 
c  c 

where  1  -  mode  intensity  at  line  center 

m  ■  mode  separation 

c 

Au  -  half  maximum  bandwidth  for  mode  amplitudes 

n  *  mode  number,  0  to  (N  - l)/2  (N  ■  the  number  of  modes  supported) 

Mode  locking  is  a  method  by  which  the  Initial  phases  of  the  axial 
modes  emitted  by  a  laser  are  set  to  a  common  value,  l.e.  only  photons 
which  start  circulating  in  the  cavity  at  the  same  time  are  permitted 
to  stimulate  emission  of  further  photons  (be  amplified)  and  be  output. 

This  results  in  the  output  of  the  laser  being  a  series  of  short  duration, 
high  peak  power  pulses  rather  than  baing  output  continuously  at  a 
lower  maximum  power.  For  a  cw-driven  laser  the  mode-locked  output  is 
a  continuous  train  of  pulses.  In  the  case  of  a  pulsed  laser  each  pulse 
is  an  envelope  for  a  train  of  node-locked  pulses  and  the  peak  pulse 


power  la  increased.  Thla  aoda  locking  la  dona  by  inserting  either  an 
eaplitude  (AM)  aodulator  or  a  phase  (FM)  modulator  into  the  laser 


cavity.  Considering  a  general  expression  for  an  electromagnetic  field. 


ISjU 


»<t)  -  l  Ba  exp  U  l(w  ♦  nw  )  t  ♦  #  )) 
-«-l)  °  c  a 


where  w  ■  center  frequency  of  the  laser  transition 


•r  ■  node  separation 
c 

n  ■  node  number 
$n  ■  Initial  phase 


Mode  locking  forces  all  the  9  to  a  common  value  of  •,  +  2m.  The 
output  of  the  laser  with  respect  to  tine  and  frequency  is  no  longer 
similar  to  that  shown  in  figure  1*  for  a  non-mode-locked  laser,  but 
is  like  that  of  figure  2.  3 


Torn 


fig.  1.  Signal  of  a  non-node- locked  laser 


Fig.  2.  Signal  structure  of  an  ideally  soda-locked  laser. 

In  the  type  of  systaa  under  consideration,  a  cu -driven  Nd'.YAG 
oscillator  has  an  acoustooptic  or  electrooptic  device  placed  in  the 
laser  cavity  to aodulste the  circulating  light,  preventing  light  nodes 
without  the  chosen  comaum  initial  phase  froa  being  anpllflad.  This 
modulation  is  periodic  with  e  frequency  equal  to  the  frequency  separation 
of  the  axial  nodes  (f  "  c/2L  using  n-  l),or  equal  to  one-half  this 
frequency. 

Amplitude  Modulation,  sonatinas  known  as  loss  modulation,  works 
by  Introducing  into  the  cavity  a  tine-varying  transmission.  Since  the 
light  requires  a  tine  of  2L/c  to  make  a  round  trip  of  the  cavity,  a 
transmission  maximum  which  occurs  every  2L/c  will  pass  the  light  (modes) 
with  a  common  Initial  phase  or  starting  time,  and  block  the  rest  of  the 
light.  Most  of  the  population  inveraion  then  depletes  to  amplify  the 
common-phaae  modes,  yeildlng  e  short,  high  peak  power  pulse.  Materials 


tn  co— on  use  coday  for  AM  mode-lockers  hava  cranaalaalon  aaxiu  which 
occur  twice  during  ona  period  of  fcha  driving  frequency  and  ara  driven 
at  a  frequency  equal  Co  one-half  cha  axial  node  aeparacion  co  provide 
Che  correec  frequency  of  transmission  maxima.  In  praedea  mode-lockers 
are  placed  aa  cloaa  ee  poaaible  co  Che  1002  mirror  co  avoid  cbe  problem 
of  having  co  Cl—  cbe  moduladon  Co  paaa  cha  lighc  pulse  boch  coming  and 
going,  the  pulse  peases  chrough  cha  mode-locker,,  rafleecs  from  cha 
mirror,  and  passes  back  chrough  Cha  mode-locker  during- one  eraasmisslon 
maxi—.  The  round  crip  transmission  funecion  for  AM  mode-locakers  is 
given  by* 

T(c)  -  exp  <-  «2t2) 

where  6  -  AM  aodulacion  index 

The  second  — chod  of  mode  locking  a  laser  is  phase  moduladon.  Phase 
moduladon  uses  an  aleccroppcic  device  in  the  laser  cavity  to  cause  a 
frequency  shift  in  lighc  which  passes  through  the  modulator  except  light 
which  passes  chrough  when  the  frequency  shifting  property  is  sero.  The 
'modulator  does  this  shifting  by  introducing  a  sinusoidally  varying  phase 
perturbation  6(t)  into  the  cavity.  The  shift  in  fraquency  is  proportional 
to  dd/dt.  This  causes  an  ambiguity  because  the  lighc  pulse  nay  pass 
chrough  the  modulator  ac  either  of  the  two  extrema  of  6(t).  In  operation 
only  ona  of  the  extra—  acts  as  the  gate  at  a  time,  as  larger  losses  in  the 
cavley  would  occur  ocherwlsa.  The  driving  frequency  of  a  phase  modulator 
is  thus  equal  to  the  axial  mode  spacing  rather  than  to  half  the  axial 
mode-  spacing  as  is  tha  ease  with  amplitude  modulation.  Rapeated  passes 


of  light  through  tha  modulator  (othor  than  at  dft/dt  ■  0)  raaulta  in 
tha  frequency  baing  shift  further,  eventually  baing  pus had  outsida  tha 
bandwidth  which  can  ba  amplified  by  tha  actlva  medium.  Ona  author 
(toachnar * )  atatas  that  this  f raquancy  shift  is  dua  to  a  Dopplar 
shift*  whila  othars  (Kulsanga*)  hold  that  tha  shift  is  dua  to  a  linaar 
f raquancy  shift  (chirp).  Tha  round  trip  transmission  function  is7 


T(t)  -  axp  (+  16ntw2t2) 
whara  ■  paak  phaaa  ratardation 

Most  connerelal  node-lockers  usad  on  Md:YAC  lasers  ara  of  the 
aeoustooptlc  variety  because  higher  optical  quality  is  available  for  this 
type  of  device  at  present,  and  Md:YAfi  lasers  ara  vary  sensitive  to  tha 
optical  quality  of  anything  put  in  tha  laser  cavity.  Also,  tha 
acoustooptic  node-lockers  ara  easier  to  nodulata  than  elsctrooptlc 
node- lockers. ® 

B.  Simultaneous  Mode  Locking  and  Q-Switching 

In  currant  aode-lockad  NdxYAG  laser  systems  the  user  nay  choose 
between  a  node-locked  system  and  a  mode-locked  and  Q-swltched  syscen. 
During  punping,  a  population  inversion  occurs  in  the  laser  aadiua. 

When  the  population  Inversion  reaches  a  certain  threshold  level, 
spontaneous  emission  will  be  able  to  deexdta  enough  ions  to  deplete 
the  inversion  and  lase.  Q- switching  prevents  any  spontaneously  eaitced 
light  froa  circulating  in  the  cavity  and  depleting  the  inversion. 


In  chit  manner  cha  inversion  ie  allowed  to  build  up  Co  a  such  higher 
level,  storing  more  energy.  When  lasing  is  allowed  eo  occur  the  pulse 
will  be  of  higher  energy  chon  that  fra*  a  unswitched  system,  both 
because  the  population  Inversion  la  initially  higher  and  because  the 
greater  number  of  ions  deexciting  gives  s  higher  photon  density  which 
deexeltss  a  gras ter  percentage  of  the  inversion.  Also,  because  of  the 
high  gain  the  Inversion  is  deexcitsd  in  a  short  period  of  time  (although 
not  short  comparad  to  mode-locked  pulse  lengths).  Because  of  the  high 
peak  power  of  a  Q- switched  pulse  compared  to  that  of  unswitehed  pulses 
the  Q- switched  pulse  is  refared  to  as  a  'giant  pulse.  The  evolution  of  a 

A 

Q- switched  pulse  is  shown  in  Figure  3. 


Fig.  3.  Development  of  a  Q-awitched  laser  pulse. 

Shown  is  the  flashlamp  output,  resonator 
loss,  population  inversion,  and  photon 
flux  as  a  function  of  time. 


The  Q-evlteh  prevents  light  circulation  in  the  cavity  by  greatly 
Increasing  the  energy  loss  per  cycle.  Since  the  quality  (Q)  factor 
is  the  ratio  of  energy  scored  in  the  cavity  to  the  energy  lost  per 
cycle  this  lovers  Che  Q  of  che  cavity  (also  known  as  Q-spolling) (10). 

The  Spoiling  can.be  done  either  nechanl cally  as  with  rotating  mirrors 
or  electrooptically  as  with  Fockale  cell  polarizers. 

Combining  mode  locking  and:  ty- switching  gives  much  greater  peak 
power  pulses  than  either  process  alone  gives. ^  Simultaneous  mode- 
locking  and  Q- switching  results  in  a  mode-locked  train  of  pulses  under 
a  Q- switched  envelope.  Cohen  ^  has  reported  pulses  with  a  peak  power 
of  a  megawatt  with  e  repltation  rata  of  up  to  800  Hz.  Kuizenga ,  at  al.13 
experimented  with  simultaneous  mode  locking. and  Q-swltching.  They 
reported  obtaining  pulse  lengths  as  low  as  100  pa,  however,  they  also 
found  that  the  steady  state  mode-locked  pulse  length  could  only  be 
obtained  if  the  population  inversion  before  Q-svleching  is  close  to 
threshold.  This  gives  low  peak  power  pulses  and  problems  with  pulse  to 
pulse  stability. 

The  repltation  rate  would  be  a  definite  problem  in  trying  to 

incorporate  both  Q-switching  and  mode  locking  into  the  proposed  laser 

system.  Current  repetition  rates  for  Q-switches  are  around  1kHz  for  a  gain 
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in  peak  pulse  power.  Since  the  desired  pulse  repetition  rate  for  the 
oscillator  is  100  MHz,  attempting  to  Q-swicch  the  system  would  result  in  a 
degradation  of  performance. 


C.  Effects  and  Eff|ctlm«|i  of  Laser  Rod  Dopini 


On*  of  tha  qualities  desired  in  a  solid  atata  laser  la  atficlont  uaa 
of  cha  oaelllator  and  amplifier  roda  froa  a  pumping  atandpoint.  Sinea 
light  froa  tha  puaping  laap(s)  la  aba  or  bad  by  both  tha  neodymium  and 
tha  TAB  or  glaaa  boat,  tha  eloaar  ona  gata  to  tha  axla  of  tha  rod,  tha 
laaa  anargy  la  availabla  to  axel t a  tha  noodyaiua.  Thla  laada  to  a 
radial  prof 11a  in  which  tha  aaiaaion  la  moat  intanaa  naar  tha  outair  adga 
of  tha  baaa.  In  severe  caaaa  an  annular  aaiaaion  occurs,  with  little 
or  no  lasing  froa  tha  canter  of  tha  rod  v  Tha  Naval  Rasa  arch  Laboratory 
did  studies  using  1/4"  disaster  Nd -doped  glass  roda.  For  a  rod  with 
9Z  doping  an  Intensity  variation  of  36:1  froa  adga  to  center  of  tha  rod 
was  found.  Tor  a  rod  with  3Z  doping  a  variation  of  6:1  froa  adga  to 
center  was  observed. U  While  a  baaa  with  a  uni fora  radial  Intensity 
profile  is  not  necessary  for  propulsion  applications,  design  criteria 
used  In  obtaining  such  a  baaa  can  be  used  In  aystaas  which  do  require 
a  fairly  uniform  baaa  (eg.  Thompson  scattaring  plasma  diagnostics)  and 
in  getting  the  moat  efficient  rod  uaa  for  tha  system  under  atudy. 

Two  considerations  which  have  somewhat  mors  bearing  on  tha  proposed 
syataa  era  that,  in  general,  tha  power  output  of  a  laser  increases 
with  higher  doping  levels,  and  that  too  much  anargy  absorbed  in  any 
volume  of  cha  rod  can  causa  rod  damage .  Thus  there  is  a  tradeoff  between 
higher  power  per  given  rod  size  and  lower  doping  (and  pumping)  levels 
to  lengthen  rod  life.  For  tha  Argus  and  Shiva  laser  systems,  Lawrence 
Livermore  Laboratory  has  determined  chat  a  combination  of  a  special 
multi-elliptical  pump  cavity  and  a  constant  rod  diameter  (D)-doplng 


(P)  produce  of 


DP  ■  41 -cm 

e 

gives  s  uniform  beam  profile  from  Nd: silicate  glees  rods.16  The 
LLL  experience  will  be  useful  when  deciding  on  Che  beet  doping  level 
for  marine  power  with  good  efficiency  in  the  envisioned  Nd: phosphate 
glese  amplifier  rode. 

For  Nd:YAG  rods  ehe  neodymium  doping  is  ueuelly  limited  to  a 
maximum  of  0.727  co  1Z.  When  doping  levels  ere  higher  then  this  the 
transition  lifetime  tends  to  shorten  and.  the  linewidth  broaden.  Also 
the  higher  concentration  of  neodymium  causes  stresses  in  the  YAG  degrading 
the  optical  quality.  Within  these  limits  the  doping  level  is  determined 
by  the  application  of  the  laser.  Lower  doping  levels  of  around  0.3Z 
are  used  when  the  laser  will  be  cw,  while  higher  levels  (0.87Z)  are  used 
for  Q- switched  lasers.  As  with  glass  rods  the  higher  doping  gives  more 
energy  storage  at  the  price  of  a  less  uniform  beam.  The  mode  locking 
of  the  proposed  system  has  a  similar  effect  to  Q- switching  in  that  the 
peak  power  is  increased,  and  since  it  is  a  high  power  system,  so  a  high 
doping  level  will  probably  be  acceptable. ^ 
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APPENDIX  B 


THERMAL  EFFECTS  IN  LASER  RODS 

Heat  Ganeratlon  in  the  Rods 

When  a  laser  system  is  run  clthar  cv  or  with  a  high  average  power, 
beam  distortions  caused  by  thermal  effects  become  a  significant  problem. 
These  affects  are  termed  thermal  lens ing  and  thermal  birefringence,  both 
of  which  will  be  discussed  in  greater  detail  later.  The  effects  occur 
because  of  heat  generation  in  the  rod,  and  may  be  a  result  of  heating 
during  the  pumping  cycle  or  of  a  combination  of  heating  and  cooling  of 
the  rod.  The  way  thermal  affects  manifest  themselves  Is  dependent  on 
the  mode  of  operation  of  the  rod  and  the  method  of  cooling. 

The  heat  is  generated  in  the  rod  by  three  mechanisms:  1 

1.  the  transition  between  the  pump  bands  and  the  upper 
level  of  the  laser  transition  is  a  radiationless  transition 
in  which  energy  is  lost  to  the  host  through  phonons; 

2.  the  quantum  efficiency  of  the  lasing  transition  is 
less  than  unity,  meaning  some  of  the  energy  is  lost  to 
the  host; 

3.  the  host  material  directly  absorbs  pump  radiation  in 
the  ultraviolet  and  infared. 

The  first  two  mechanisms  are  grouped  together  by  some  authors  under 

2 

the  quantum  afficiency  or  the  quantum  defect.  Little  can  be  done 
to  affect  them,  and  they  will  not  be  discussed  further  here. 

Operation  of  the  third  mechanism  is  dependent  on  both  the  host 
material  and  the  method  of  cooling  used.  Infarad  absorption  by  the  rod 
is  greatly  decreased  in  systems  with  water-based  coolant  because  of  the 


high  absorption  of  infarad  radiation  by  the  coolant.  J  Some  ultraviolet 
radiation  ia  absorbed  by  the  coolant,  which  results  in  deterioration  of 
the  coolant,  however  absorption  of  radiation  by  the  ultraviolet  edge 
of  the  host  causes  a  significant  heat  problem.  The  ultraviolet  edge 
is  the  region  where  the  absorptivity  of  the  material  increases  sharply 

4 

with  decreasing  wavelength.  Zn  most  glasses  the  ultraviolet  edge 
occurs  in  the  region  between  200  and  400  nm.  5  In  YAG  the  edge  occurs 
toward  shorter  wavelengths  and  presents  less  of  an  absorption  problem. 
Figure  1(a)  and  Figure  1(b). show  a  typical  Nd  absorption  spectrum 
in  glass  with  and  without  the  ultraviolet  edge.  ® 


wavelength 

Fig.  1  Absorption  spectrum  (optical  density)  of 

Nd'*’  in  glass  in  the  200  to  1000  nm  region, 
(a)  Baseline  is  narked,  (b)  Net  Nd3** 
absorbance  after  subtraction  of  the  baseline. 


3 


In  phosphate  glasses,  as  compared  to  silicate  glaaaaa,  the  ultraviolet 
edge  la  shifted  towards  shorter  wavelengths.  This  results  in  less 
absorption  because  there  is  less  pump  energy  at  the  shorter  wavelengths.  7 
Ultraviolet  ebsorption  is  particularly  bad  because  the  ultraviolet  light 
is  absorbed  in  e  very  short  distance  (*nm),  causing  severe  stress  in 
the  rod. 


Parameters  Influencing  Thermal  Effects 


The  optical  end  mechanical  raaponsa  of  a  laser  rod  to  heating  is 
based  on  the  mechanical  and  thermal  properties  of  the  host  material. 
The  following  is  a  Hat  of  properties  taken  from  BROWN8  Important  in 
describing  thermal  effects: 

Thermal  Properties 


Thermal  conductivity,  important  in  considering  the 
ability  of  a  host  (in  this  case  glass  or  YAG)  to 
dissipate  heat,  (cal/cm  s*C]. 

Specific  heat,  partially  determines  the  ability  of  a 
host  to  dissipate  heat  and  induced  temperature 
change  for  unit  heat  input,  [cal/g  *C]. 

Thermal-expansion  coefficient,  partially  determines 
the  change  of  linear  index  with  temperature  change. 
Important  in  determining  the  curvature  in  an  active- 
mirror  amplifier  Induced  by  Xe  flashlamp  pumping, 

[•c-i]. 

Thermal  diffusivlty,  d  is  host  density  [g/cm3], 
determines  the  thermal  decay  time  constant  or  heat 
removal  time,  [cm^/s]. 


Mechanical  Properties 


E  Young's  Modulus ,  date mince  the  stiffness  of  a 

laser  disk  or  rod ,  related  to  host  hardness  and 
photos las tic  constants,  [kg/cm2]. 

v  Poisson's  ratio,  needed  to  calculate  photoelastic 

constants,  dimensionless. 

d  Density,  needed  to  evaluate  K/de,  partially  determines 

the  Induced  temperature  change  for  a  given  heat 
input,  [g/cm2]. 

H  Knoop  Hardness,  determines  the  abrasion  resistance  of 

a  host,  directly  related  to  rupture  strength  [kg/cm2 ). 


Thermal-Optic  and  Elaaeo-Optlc  Properties 


B  -  2|  Refractive-index  temperature  coefficient,  partially 
dT  determines  the  change  of  linear  index  with  induced 
temperature  change, 

B+u (n-1)  Thermo-optic  coefficient,  in  the  absence  of  stress  in 
a  host  gives  the  total  change  of  linear  index  for  a 
given  AT, 

Photoelastic  constants,  partially  determine  the  change 
1 of  index  or  optical  pathiength  with  applied  stress  in 
the  perpendicular  (B.)  or  parallel  (B. . )  directions, 
[(nm/cm)/ (kg/cm2)].  1 

B  Stress-optic  coefficient,  given  by  B  -  B.  -  B.., 

[ (nm/cm) /(kg/cm2)].  i 


There  are  certain  general  rules  of  thumb  which  apply  when  comparisons 

are  made  between  the  various  properties  of  YAC,  silicate  glasses,  and 

phosphate  glasses .  These  are  by  no  means  absolute  for  all  varieties  of 

8 

glass,  but  will  give  some  idea  of  what  to  expect.  Following  BROWN 

these  general  relationships  are  given.  For  details  of  properties  of 

specific  glasses  or  YAC, tables  such  as  the  Nd-Poped  Laser  Glass  Spectro- 

o 

ecopic  and  Physical  Properties  should  be  consulted.  YAC,  being  a 


crystal,  has  a  much  higher  thermal  conductivity  (K)  than  the  gimmes. 

On  the  average  tha  thermal  conductivity  of  the  phosphate  glassss  is 
very  much  lass  than  that  of  the  silicate  glasses.  Thus  YAG  has  the 
highest  ability  to  dissipate  heat  and  the  phosphate  glasses  the  lowest. 

Tha  specific  heat  (c)  of  the  phosphates  and  the  silicates  varies  without 
regard  for  composition,  with  the  specific  heat  of  YAG  falling  toward  the 
low  end  of  the  range.  Thermal  expansion  (a)  tends  to  be  greater  for 
phosphates  then  for  sllieatas.  The  thermal  expansion  of  YAG  depends  on 
the  crystal  axis,  averaging  about  tha  same  as  the  silicates.  The  higher 
the  thermal  expansion,  the  greater  the  problem  of  thermal  leasing . 

Young's  modulus  (E)  and  the  Knoop  Hardness  (H)  are  both  much  higher  for 
YAG,  a  crystal,  than  for  the  glasses.  The  phosphate  glasses  have  both 
the  lowest  Young's  modulus  and  the  lowest  hardness.  The  photoelastic 
constants,  Br  and  B^,  are  smeller  for  the  silicates  than  for  phosphates, 
however,  the  stress-optic  coefficient  (B)  is  usually  greater  for  silicate 
glasses.  As  a  result  of  this  the  phosphate  glasses  tend  to  suffer 
less  from  stress  birefringence  than  silicates,  although  the  silicates 
generate  less  heat  and  cool  more  quickly. 

Thermal  Profiles  and  Optical  Distortion  Effects 

While  qualitatively,  thermal  effects  in  laser  rods  ara  always  the 
sane,  the  manifestation  of  those  effects  varies  according  to  the  amount 
and  the  distribution  of  heat  in  the  rod.  Thermal  profiles  and  corresponding 
thermal  effects  will  be  discussed  below  for  different  operating  conditions. 
Much  of  the  notation  used  will  follow  KOECHNER  (Solid-State  Laser  Engineering) 
as  will  some  of  the  organisation. 


Hie  three  basic  modes  of  operation  of  e  solid  stnto  Inner  nro 
continuous  (aw),  single-shot,  end  repetitively  pulsed.  11  The  single- 
shot  differs  from  the  repetitively  pulsed  laser  in  that  the  single-shot 
laser  is  allowed  ties  to  totally  thermally  relax  between  shots,  whereas 
the  repetitively  pulsed  laser  frequently  is  not.  The  behavior  of  the 
repetitively  pulsed  laser  approaches  that  of  cw  operation  or  single-shot 
operation  depending  on  the  ratio  of  the  pulse  interval  to  the  thermal 
relaxation  time  of  the  host  (usually  glass  for  pulsed  systems). 

The  thermal  effects  produced  by  heat  generated  during  operation  are 
thermal  focusing  or  lensing,  blfocuslng,  end  (stress)  birefringence.  12 
These  ere  the  result  of  thermally  Induced  stress  and/or  expansion  of  the 
rod  which  produce:  (1)  a  change  in  length;  (2)  a  temperature-dependent 
change  in  the  index  of  refraction;  (3)  a  strese-related  change  in  the 
index  of  refraction. 

Considering  the  eimple  case  of  a  continuously  pumped  rod  with  uniform 
internal  heat  generation,  cooled  by  a  fluid  flowing  along  the  rod  surface 
end  ignoring  end  effects,  the  steady  state  heat  distribution  in  the  rod 
is  obtained  from  the  heat  conduction  equation.  24 


d_T  .  _1_  dT  .  S  „  Q 
dr2  r  dr  +  K  0 


where  Q  ■  rate  of  heat  generation  par  unit  volume 
K  ■  thermal  conductivity 


Solving  this  for  a  rod  of  radius  a  with  the  boundary  condition  T(r»e)»T 


gives 
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T(r)  -  Tg  +  (Q/6K)(a2-r2) 


Using  n  as  Che  fraction  of  electrical  power  input  into  the  lamp  (P^n> 


which  is  dissipated  as  heat  in  the  rod  (P^),  the  temperature  distribution 
in  terms  of  the  coolant  temperature  (Tf)  is 


T(r)  -  Ty  + 


nPln 
t  a2UC 


(s2-r2) 


2 

where  h  -  surface  heat  transfer  coefficient  (W/cm  K).  Note  that  the 
temperature  profile  is  quadratic ,  and  that  the  temperature  is  highest 
at  the  center  of  the  rod. 

The  higher  temperatures  at  the  rod  .center  generate  stresses  because 
the  center  of  the  rod  would  tend  to  expand  but  is  prevented  from  expanding 
by  the  cooler  outer  portion  of  the  rod.  Thus  the  center  of  the  rod  is 
under  compression  while  the  exterior  sections  are  under  tension.  4  graph 
of  the  stresses  as  a  function  of  radius  for  an  Nd:YAG  rod  is  shown  in 
Figure  2.  17 


Fig.  2  Radial  (o  ) ,  tangential  (o^),  and  axial  (oz) 
stress  components  within  a  Nd:YAG  crystal 
as  a  function  of  radius. 


Note  that  as  power  dissipation  in  the  rod  increases  the  tension  on 
the  outer  surface  of  the  rod  also  increases.  For  power  levels  which  are 
too  high  the  tensile  strength  of  the  rod  material  can  be  exceeded,  causing 
rod  fracture. 

With  a  temperature  profile  available,  the  stresses  in  the  rod  due 

to  thermal  causes  can  be  calculated.  RIEDEL  and  BALDWIN  give  the  stress 
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relations  for  an  isotropic  material  as 


or(r,t) 


.a  .r 

l“7  j  T(r,t)  rdr  -  J  T(r,t)  rdrj 


1-  (r.t)  -  [-4  (*  T(r,t)  rdr  +  4  f  T(r,t)  rdr  -  T(r,t),] 

a  ^o  r*  *0 


.a 

(r,t)  •  vZ  l“T  J  T(r't>  rdr  "  T<r'c>J 

a  '  o 


These  hold  for  laser  glasses,  which  are  isotropic  materlsls,  and  TAG, 

which,  although  not  isotropic,  has  elastic  behavior  very  much  like  an 
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isotropic  material.  From  these  relations  the  thermal  stresses  for 
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the  cw-d riven  rod  are  calculated  to  be. 


-  -  nPlnaE  ,2  2. 

®r(r)  HU-vJkwL  <r  '*  * 


«'2-2> 


'•aAV'a'a 


"«  <r)  "  ffti-wiiViL  <Ir  ’ 


The  thermal  strain  distribution  can  ba  determined  using  ths  stress-strain 


relationships 


er  “  E  *or  **  +  °*M  *  *T 


c  -  £  lo.  -v(cj  ♦  a,)]  +  oT 


E  1  ♦  '  r  2 


es  "  E  [at  '  v(or  *  V1  +  aT 


The  thermal  strains  for  the  rod  are  then 


e  - - anptn-  [(3-v)a2  -  3(v+l)  r2]  +  oTs 

1  16 (l-vJKRa^L 


c.  .  - anp*n  ( (3-v)a2  -  (v+1)  r2J  +  oT 

♦  16 (l-v)Kwa^L 


Using  the  calculated  strains  in  combination  with  the  fourth-rank 
photoelectric  tensor,  the  change  in  ths  indicatrix  (index  ellipsoid  or 


elllpaold  of  wave  normals)  can  ba  calculated.  The  lndlcntrlx.  deacrlhed 
23 

by  BORN  and  WOLF  la  a  mathematical  construct  whose  properties  can 
be  uaed  to  find  the  Index  of  refraction  for  a  particular  propagation 
direction  or  polarisation.  Changes  in  the  components  BJ  ,f  are  given  by 

ABtj  -  Pijklekl 

With  the  changes  in  the  Indies trlx  the  changes  in  the  index  of  refraction 

for  radially  and  aslauthally  (tangentially)  polarised  light  can  be 
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calculated.  These  changes  are  given  by 


%  ■  •  2  "o3  **♦ 

While  YAG  may  be  treated  as  Isotropic  elastically,  the  photoelastic 

effect  in  YAG  is  not  isotropic.  Because  YAG  laser  rods  are  grown  with  the 

axis  in  the  (1  1  1]  direction  and  the  published  values  are  for  the 

[1  0  0]  orientation,  a  transformation  must  be  performed  to  the  [1  1  1] 

for  the  AB  calculation  when  dealing  with  YAG.  Once  the  transformation  has 
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been  performed  the  changes  in  the  indicies  of  refraction  are 


1  3  aflPin  .  _2 


A_  .  .  1  .  3  «nPin  2 
fln.  •  -  tt  n  --  C.r 
9  lr  vi»a**L  9 


(17v-7)  P,,  +  (31v-17)  P,„  +  8<v+l)  P 


48  (v-  1) 

(10v-6)  P„  +  2(Ilv-5)P 


4  32(v-l) 


la  both  &nr  and  An^  thara  la  an  additional  addltlvo  conatant  tarn  which 
la  not  shown  above.  Sinca  only  tha  radial  varlatlona  ara  naeaaaary  to 
calculata  tha  tharnal  focal  lengths  and  tha  lnducad  blrafrlnganca  tha 
'constant  tans  nay  be  dropped  (saa  POSTER,  and  OSTERINK,  Raf.  25). 

With  tha  themal  profile  and  tha  stress  distribution  In  tha  rod 
optical  affects  originating  from  thermal  causes  may  be  examined  quantitatively 
Since  tha  index  of  refraction  la  changed  independently  by  temperature 
and  by  stresses  the  index  of  refraction  may  be  written  in  three  parts 


n(r)  ■  nQ  +  An(r)T  +  An(r)s 


where  n  -  index  of  refraction  at  the  center  of  tha  rod. 
o 

Thermal  focusing  is  caused  by  both  tha  temperature  related  change 
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and  the  stress  related  change  in  the  index  of  refraction.  The  major 
contribution  to  thermal  focusing  (-74Z)  comes  from  the  variation  of 
refractive  index  with  temperature.  Another  20Z  is  accounted  for  by  stress 
related  changes  in  the  index  of  refraction,  which  also  Introduce  biaxial 
focusing  (different  focal  lengths  for  different  polarization  directions). 
The  remaining  6Z  of  the  effect  is  caused  by  curvature  of  the  end  faces. 


That  thia  laat  portion  should  be  ao  email  la  expected  because  the  x-component 
of  the  thermal  strain  distribution  has  no  r  dependence,  i.e.  thermal 
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focusing  is  not  caused  .by  the  rod  being  distorted  into  a  lens  shape. 

Examining  the  thermal  part  of  the  index  of  refraction  it  may  be  seen 
from  previous  expressions  that  the  temperature  change  radially  between 
the  center  of  the  rod  and  a  point  a  distance  r  away  is 


AT  - 


nPin 

4Kxa^L 


r 


2 


This  gives 


„  ,  »  nPin  dn  _2 

An(r)_  -  - —  r 

T  4Kxa2L  dT 


With  the  thermal  end  stress  variations  the  total  refractive  index  nay  be 
written 


n(r)  -  no  [1  -  ■  nP*f-  (^T  +  n  2  oC)  t2] 

2Kxa2L  2no  dT  0 

The  C  represents  either  the  radial  (Cr)  or  the  aximuthal  (C^)  photoelastic 
constant,  and  thus  there  are  different  indlcies  of  refraction  for  the  two 
polarization  directions.  Note  that  both  the  thermal  part  and  the  stress 
related  part  of  the  index  of  refraction  have  a  quadratic  radial 
dependence.  For  a  medium  in  which  the  index  of  refraction  has  a  quadratic 


variation 


the  focal  length  is  given  by 
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f  “  2n“  l,l“  <£>  '•I'1 
o 

where  L  is  the  rod  length  end  b  is  a  constant.  Substituting  the  coefficient 
of  r  in  the  refractive  index  for  b  gives 


_  nPln 

4n  Kira2!, 
o 


/I  dn  , 

%  dT  +  noaC) 
o 


*  Vln 

t«in  c-H- 

tn  Kira2L 


_1 _ dn  . 

2n  dT  * 
o 


aC)]"1}*1 


The  two  possible  values  of  C  will  give  two  focal  lengths,  dependent  on 
polarization  direction  (biaxial  focusing).  For  a  long  focal  length  coopered 
to  the  rod  length  2L/b  «  1  and  the  focal  length  is  approximately. 


Kira  r  1^  ~ 

1 2  dT  +  oCoo  ] 


The  end  effects  can  be  taken  into  account  by  finding  the  curvature 

of  the  rod  ends  caused  by  stresses  and  expansion.  The  radius  of  curvature 
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of  the  ends  is 


R  ■  1™2-L 
nPinaa 


Using  the  thick-lens  formula 
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R 

2(no-l) 


f 


SubHtitutinR  for  R,  the  expression  for  the  thermal  focal  length  of  a 
cv-pumped  rod  is 


f  - 


Kira  » 1^  dn 
nPin  l2  dT 


oa(n  -1) 


“C”o3  +  —  -  L°  -) 


with  the  biaxial  focuaing  caused  by  the  difference  in  refractive  index 
for  different  polarlzationa. 

Note  that  the  same  treatment  will  work  for  roda  which  are  not  cv- 
drlven,  however,  the  temperature  profile  muat  be  changed  to  reflect  the 
dif f ernce  in  operating  mode .  There  will*  be  more  on  different  modes  of 
operation  further  on  in  this  report. 

The  third  thermal  effect,  birefringence,  is  caused  by  the  anisotropy 
of  the  photoelectric  effect.  Because  of  the  anisotropy  the  radially 
polarized  component  of  light  passing  through  the  rod  encounters  a  different 
index  of  refraction  than  the  azlmuthally  polarized  component.  The 
difference  in  the  indldes  of  refraction  can  be  determined  by  subtracting 
the  stress  induced  changes  in  the  total  index  of  refraction  for  different 
polarization  directions  from  one  another.  The  Induced  birefringence  for 
a  cw-driven  rod  is  then 


dn  -  dn. 
t  $ 


„  3  3anPln„  2 
n  Va-r 

Kira2L  B 


where  48(1_v)  (?u  -  ?12  +  ^ V? 

Because  of  the  difference  in  refractive  indicies  the  phase  relationship 


between  the  two  polarizations  will  be  changed  and  linearly  polarized 
light  passing  through  the  rod  will  emerge  elliptlcally  polarized. 


There  are  three  areas  in  the  rod  where  this  wil]  not  occur.  Two  of 

the  areas  are  along  mutually  perpendicular  axes  in  the  plane  perpendicular 

to  the  long  axis  of  the  rod.  Along  those  axes  only  one  index  of 

refraction  exists,  n  for  the  one  axis  and  n.  for  the  perpendicular  axis. 

r  $ 

Because  of  the  single  index  of  refraction  light  traversing  the  rod  along 
these  axes  will  have  no  change  in  the  phase  relationship  between  radial 
and  azimuthal  polarizations.  The  third  area  where  no  effect  will  be 
observed  is  along  concentric  circles  centered  on  the  rod  center  where  the 
total  induced  phase  change  is  equal  to  an  Integral  multiple  of  wavelengths. 
In  this  case  the  change  is  effectively  zero  because  of  the  cyclic  nature 
of  waves. 

This  effect  may  be  observed  by  sending  an  upcollimated  beam  from  a 
He-Ne  laser  through  the  rod  between  crossed  polarizers.  Where  the 
polarization  is  changed,  the  crossed  polarizers  will  partially  transmit 
the  light.  The  unaffected  light  will  be  stopped  by  the  second  polarizer. 

The  pattern  will  show  the  cross  and  rlng(s)  (isogyre)  structure  described 
above  for  the  areas  unaffected  by  the  birefringence.  A  copy  of  a  photograph 
of  this  structure  is  shown  in  Fig.  3.  31 

The  raason  that  thermal  blrefingence  presents  a  problem  is  chat 
several  aspects  of  laser  operation  depend  on  a  linearly  polarized  beam  to 
work.  The  polarized  beam  is  supplied  by  putting  a  polarizer  in  the  cavity. 
The  in-cavicy  polarizer  linearly  polarizes  the  beam,  which  then  is 
partially  depolarized  by  thermal  birefringence.  The  portion  of  the 
depolarized  beam  orthogonal  to  the  axis  of  the  polarizer  is  then  removed 
by  the  polarizer.  This  occurs  each  round  trip  in  the  cavity  until  the 
beam  is  emitted.  The  birefringence  also  deforms  the  beam  in  tha  process 
of  depolarizing  it. 


Fig.  3.  Thermal  itruiu  in  a  7.5-cm-long  and  0.63-c»- 
diamater  Nd:  La  SOAP  crystal .  The  rod  was  pumped 
at  a  repetition  rate  of  40  ppa  by  a  single  xenon 
flash leap  In  an  elliptical  pump  cavity.  Input 
powar  (a)  113  W,  <b>  4 50  U,  (c)  590  V,  (d)  880  W. 


To  calculate  light  transmitted  observe  that  to  light  circulating 

ip  the  cavity  the  rod  and  polarizer  are  the  same  as  a  rod  twice  as  long 

between  two  parallel  polarizers.  BORN  and  WOLF  give  the  fraction  of 
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transmitted  intensity  as 


1  -  sin2(2#)sin(|) 


where  4  "  angle  between  the  polarizer  and  one  of  the  principal  birefringence 

axes 


4  »  polarization  phase  shift 


For  the  cw-pumped  rod  the  single-pace  phase  difference  is 
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{  -  7l  (An.  -  An  ) 
a  v  r 


n  ^  anPin 
o 

K*a2L 


CBr 


Since  the  birefringence  is  not  constant  integration  over  the  ares  of 

the  rod  is  required  to  find  the  total  fractional  transmitted  intensity. 
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This  has  been  done  for  the  multimode  case  by  K0ECHNER  and  by 
KARR  35  and  for  the  TEM  ease  by  KARR  3*  .  For  the  multimode  case  the 
integral  is 


■p*  -  -i?  f  [  *  (1  -  Sin2  2+  Sin2  |)  rdrd* 
*in  »a*  1  - 


with  a  fractional  transmission  of 


I  3  Stn  <2  noonPin  S/XK) 

Xin  *  8n3oon  Pin  Cj/XK 

For  the  TEM  case  the  integral  is 


Sin2  2#  Sin2  J)  rdrdf 
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with  a  fractional  tranaaiaalon  of 


jgt  t  ?u  v«>* 

Xin  64  +  4(n3  anPinC_/XK)2 
o  o 

_2r2 

Tha  axtra  tar*  a — r-  ia  an  aaplitude  profile  tar*  with  w  balng  tha  radlua 
of  tha  baa*.  If  tha  rod  length  la  aaall  compared  to  tha  airror  radlua  w  aay 
ba  eraatad  aa  a  conatant.  Cavity  loaaaa  can  ba  datarainad  by  subtracting  tha 
fractional  tranaaiaalon  froa  on a.  A  graph  of  cavity  loaaaa  varsaa  pumping 
powar  for  multimode  and  TEM  la  shown  in  Fig.  4. 


1  2  3 

Lana  maul  powar  IkWI 


Fig.  4.  Calculated  resonator  loss  caused  by  the 

combination  of  thermally  Induced  birefringence 
in  a  Nd:YAG  rod  and  an  intracavity  polarizer. 


The  TEM  loaaaa  are  smaller  becauae  tha  beaa  la  confined  closer  to  the 


canter  of  tha  rod  where  the  induced  birefringence  Is  less. 

Single-shot  operation  is  characterizad  by  a  (fast)  puap  pulse 
followed  by  a  period  of  cooling  long  enough  for  the  rod  to  lose  the  heat 
gained  froa  tha  pulse.  Thermal  affects  during  single-shot  operation 


.* _ . 
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depend  on  the  uniformity  of  the  ebeorption  of  pump  radiation.  Because 

lasing  occurs  at  or  near  the  end  of  the  puap  pulse,  cooling  does  not 

effect  the  temperature  of  the  rod  during  the  time  when  light  la  passing 

through  It.  The  thermal  profile  of  the  rod  la  thus  determined  by  the 

ebeorption  of  the  pump  pulse  in  the  rod.  For  uniform  absorption  the 

temperature  in  the  rod  is  constant  throughout  the  rod  (for  the  period 

of  light  transmission).  In  this  case  the  thermal  effects  are  limited  to 

a  frequency  shift  of  the  laser  radiation  end  an  increase  of  the  optical 

path  length  caused  by  linear  thermal  expansion  and  by  the  change  in  index 

38 

of  refraction  with  change  in  temperature*.  KOECHNER  gives  the  optical 
path  length  change  as 

Mo.p.l.)  -  L  +  n  LaAT 
OX  0 

Some  work  has  been  done  on  the  problem  of  finding  the  thermal  profile 
of  a  pulse-pumped  rod,  however  most  of  the  solutions  were  based  on  the 
assumption  chat  the  surface  temperature  remained  constant  when  in  fact 
the  coolant  temperature  remained  constant  and  the  rod  surface  temperature 
varied.  The  results  using  the  constant  surface  temperature  assumption 
yielded  thermal  relaxation  times  which  were  two  to  three  clows  shorter 
than  those  observed  experimentally.  In  a  1973  paper  KOECHNER  40  did  a 
treatment  of  the  thermal  profile  of  a  pulse  pumped  rod  for  the  general 
case.  It  was  assumed  that  any  pumping  nonuniformity  could  be  treated  as 
s  parabolic  function.  Using  this  the  temperature  distribution  at  the  end 
of  pustping  is 


.*  *. 


w\-- 

‘-V- 

O.V 

'■'h 


W  *  i 


t:.' 


W 


IF- 

( 


where  AT  Is  th«  temperature  rise  at  the  center  of  the  rod  end  g  is  a  pumping 

uniformity  factor:  g  ■  0  uniform  pump  distribution,  g  >  0  more  pumping 

at  the  rod  surface,  g  <  0  more  pumping  at  the  rod  center. 

As  described  above,  for  the  uniform  pumping  ease  the  effect  will  be 

an  increase  in  the  optical  path  length.  For  the  g  <  0  case  there  will 

be  e  converging  lens  effect,  as  calculated  for  the  cw-drlven  rod.  When 

g  <  0  a  diverging  lens  effect  will  be  seen. 

For  a  repetitively  pumped  rod  the  situation  varies  with  the  repltitlon 

rate  from  the  single-shot  case  to  the  cw  ease.  The  critical  parameter 

in  determining  how  thermal  effects  will  affect  the  rod  is  the  ratio  of 

the  time  between  pulses  to  the  thermal  tiaa  constant  of  the  rod.  The 

41 

thermal  tiaa  constant  is 


where  K.  is  the  thermal  diffusivity  defined  above.  The  thermal  relaxation 
time,  defined  as  the  time  for  the  temperature  jump  to  drop  to  1/e  of  its 
initial  value,  la  ^ 


40 

KOECHNER  has  developed  an  expression  for  the  temperature  profile  in  a 
repetitively  pulsed  rod.  His  result  is 


“  B2  t  J  (fln  t/a) 

T(r,t)  -  2AT  I  exp  [-  — - = - 5 - ; -  ]  [(1 +  g)BnJ.  <B>  -  2gJ,(6)J 

n*l  T  (AZ  +  BZb)J„  (P.„)  In  2 

non 


1  -  exp(-MB2  tp/t) 

*  l— - 1 - ] 

1  -  exp(-  8a  tp/t) 


where  M  -  number  of  shoes 

t  -  puls*  inesrvsl 
P 

t  -  thermal  claw  constant 

A  »  ah/K:  cooling  condition  of  tha  rod 

B  -  roots  of  B  J,  (8)  -  AJ  (B  ) 

.  n  n  1  n  o  n 


Figure  5  shows  tha  ralatlonship  of  temperature  build-up  to  thenaal 
43 

relaxation  ratio. 


Fig.  5.  Temperature  buildup  in  tha  cantar  of  a  repetitively 
puapad  laaar  rod  versus  number  of  shots.  Parana tar 
is  tha  normalised  repetition  rata.  Cooling  factor 
A  »  10,  pumping  coefficient  g  •  0. 


With  the  thermal  profile  the  thermal  effects  can  be  calculated 

in  the  same  manner  es  for  the  cw-pumped  esse.  Thermal  leneing  as  s 
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function  of  ..repetition  rate  is  shown  in  Fig.  6. 
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Electronics 


put  Aperture  (TEM^)  ■  0.6  mm  d ia 


ruvi  li? 


ZOOM  f{ 


I.  LASER  OUTPUT 


Mode-Locked  Pulses 
(oscillator) 

Horlz. :  2  ns/DIV 

Vart.:  10  mV/DI V 


Amplified  Mode-Locked 

Pulses 

Flashlemp:  4.9kV 

Horlz.:  2  ns/DIV 

Vert. :  20  mV /DIV  (filtered) 


Amplified  Mode-Locked  10m«  Burst 
Flashlemp:  4.9kV 
Horlz. :  1  ns/DIV 


i 
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II.  Flashlamp  Current  and  Voltage  Records 
(10  capacitor/loop) 


470  A  /div  (Ragowsltl 
Loop) 


2000  V/dlv  (Voltage 
Probe) 


Flashlamp  A 


5  as/dlv 


470  A  /div  (Ragovskl 
Loop) 


200  V/div  (Voltage 
Probe) 


Flashlamp  B 


5  ms /div 


:  n  Vi  r  ?.  i."  •■.  ':■ 


Effect  of  Voltege  Increases 


I  Capacitor/FIashlamp  (1  ms  discharge 


appendix  f 
DETECTION  SYSTEMS 

A  study  of  various  typos  of  photadetectors  and  related  electronics  was 
made.  The  study  concentrated  on  detectors  and  avntrma  uaaftil  for  diagnostics 
of  the  laser  output  and  diagnostics  of  the  gas  after  laser  heating  by  observation 
of  energy  and  temporal  modifications  to  the  beam.  The  major  characteristic 
required  of  a  detection  system  to  do  beam  diagnostics  is  a  rapid  response,  as 
the  mode* locked  pulses  are  only  lOOps  in  width.  Gas  diagnostics  require,  in 
addition,  that  the  detector  have  good  sensitivity  since  scattering  processes 
scatter  only  10 E- 8  to  10 £-3  of  the  incident  radiation.  The  qualities  of  rapid 
response  and  good  sensitivity  tend  to  be  mutually  exclusive  in  detectors. 

A  general,  nonexhauatlve  review  of  detectors,  expanded  from  an  article 
in  the  Laser  Focus  Buyer's  Guide  [1],  is  included  as  background  for  the 
discussion  of  some  specific  components. 

There  are  three  broad  classes  of  detectors  for  the  near-UV,  visible,  and 
near* Ik  spectral  raaga,  grouped  according  to  detection  process:  Photoemisslve , 
semiconductor,  and  thermal*  Photoemisslve  detectors  use  the  photoelectric 
effect,  emitting  electrons  from  a  cathode  when  the  cathode  is  struck  by  light. 
These  electrons  are  the  signal  of  light  striking  the  detector.  Photoemisslve 
devices  are  vacuum  photodiodes,  photomultiplier  cubes,  and  mlcrochannel  places. 
Photomultiplier  cubes  have  excellent  sensitivity,  however,  the  comp laxity  of 
the  cube  slows  the  response  time.  To  accurately  reproduce  a  lOOps  wide  pulse 
requires  a  rlaetime  (cc)  of  about  30-40ps.  Using  the  frequency  bandwidth-rise- 
eiae  relationship  [2,3] 

f  •  0.35/cr 

a  pulse  with  a  35  pa  rlaetime  would  require  a  lOGhx  bandwidth  detector.  This 
also  applies  to  ocher  electronics  in  the  system,  as  will  be  discussed  later. 

For  1.06u  light,  the  spectral  response  needed  is  (RCA)  73ER.  The  S-l  spectral 
response  also  has  the  required  infared  range,  however,  the  73ER  response  is 
about  five  times  more  sensitive  at  1.06u.  The  fastest  tube  in  the  RCA  inventory 
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with  die  73ER  response  Ln  the  C31QJ4D ,  with  a  riseclme  of  2.5ns.  The  C31034D 
Has  a  quantum  efficiency  of  0.22  and  an  abaoLute  rosponslbity  of  2mA/W  at  i.Obu. 
A  photomultiplier  will  respond  to  s  light  pulse  much  shorter  than  the  FWttti  of 
Che  tube,  celled  e  deice  function  pulse  [4],  however,  the  C31034D  is  not  en 
entirely  satisfactory  solution  because  of  the  slow  response,  especially  since 
the  photomultiplier  would  be  celled  on  to  respond  to  a  train  of  pulses  ions 
apart.  There  are  photomultipliers  on  the  market  with  a  much  shorter  riseclme, 
such  as  the  Amperes  X?  2020  (1.5ns),  but  these  lack  the  required  spectral 
response.  [5]  MicroChannel  places  have  much  better  response  times  chan  photo¬ 
multiplier  tubes,  having  rlsetlmes  of  200-400ps,  but  the  plate  must  look  at  a 
pulse  train,  and  the  time* to  read  out  the  MC?  (about  a  microsecond  [6})  would 
limit  It  to  single  pulse  use.  A  factor  ln  deciding  to  look  for  a  more  suitable 
detector  chan  a  PM  tuba  or  a  MCP  Is  tha  extrema  sensitivity,  which  would  not 
be  a  problem  in  gas  diagnostics,  but  which  would  require  extreme  care  If  laser 
beam  diagnostics  were  dona.  Mlcrochanaal  plates  cost  about  $30,000  each,  which 
Is  also  an  inhibiting  factor  in  deciding  whether  to  use  them. 

The  second  class  of  detector  Is  the  semiconductor  detector.  Semiconductor 
detectors  operate  because  of  Che  energy  gap  between  the  valence  band  and  the 
conduction  band.  Energy  from  photons  striking  tha  detector  raises  electrons 
Into  tha  conduction  band  where  they  appear  as  a  signal.  There  are  two  main 
types  of  semiconductor  detectors,  photodiodes  and  photoconduetors .  Photodiode 
detectors  operate  at  a  reverse  bias.  When  light  is  incident  on  the  detector, 
the  detector  becomes  conductive  with  a  constant  resistance.  This  type  of 
detector  is  sometimes  call  photovoltaic.  Phococonductive  detectors  operate  by 
varying  detector  resistance  proportionally  to  varying  light  Intensity.  [7] 

Both  types  of  dector  can  be  vary  fast  because  both  types  employ  solid  state 
processes.  Solid  state  detectors  are  frequently  made  of  silicon  or  germanium 
or  a  compound  of  one  of  these.  Typical  spectral  response  of  these  types  Is 
VIS-NX&  (400-1100nm) .  Other  detector  materials  Include  gallium  arsenide,  lead 
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sulfide,  lead  selenide,  and  others.  Sea  the  attached  table  of  spectral  ranp.es 
of  detector  materials.  [8]  The  photode  tec  tor  chosen  for  Initial  operation  beam 
dlagnsotics  Is  a  Ford  Aerospace  silicon  phocomlxer/ laser  detector  diode  L4501. 
This  detector  has  a  spectral  range  of  400 -11 00 nm  with  peak  response  at  800na 
and  a  rlsatime  of  6-10ps.  The  detector  is  operated  with  a  bias  tee  and  a  bias 
supply  in  the  configuration  shown  below. 


In  a  recent  article  in  Laser  Focus,  S.  Y.  Wang  described  two  GaAs  Schottky 
photodiodes  with  very  large  bandwidths  of  20GHz  and  100GHz.  [9]  The  20GHz 
photodiode  is  a  production  model  fabricated  by  Hewlett-Packard,  and  the  100GHz 
modal  is  an  experimental  device  in  use  of  HP  labs.  The  response  time  of  these 
photodiodes  is  outstanding,  however,  the  spectral  response  cuts  off  at  850nm. 
While  these  detectors  are  not  suitable  for  1.06u  radiation,  they  are  candidates 
for  beam  monitoring  when  the  laser  output  is  frequency  doubled.  It  may  not  be 
necessary  to  employ  a  second  detector  type  for  doubled  monitoring  since  the 
spectral  range  of  the  Ford  photodiode  extends  to  400nm.  S.  Sarraf  has  suggested 
using  an  ITL  TF1850  photodiode  with  an  S-l  spectral  response  as  a  beam  monitor. 
This  would  work  to  some  extent,  but  the  rlsetlme  of  the  TF1850  is  lOOps  and 
would  distort  the  pulse  shape  considerably.  [10]  The  TF1850  detector  is  also 
considerably  more  expensive  than  the  L4501. 

The  third  class  of  detector  is  the  thermal  detector.  Calorimeters, 
pyroelectric  detectors,  and  thermopiles  are  all  versions  of  thermal  detectors. 
Thermal  detectors  work  by  using  temperature  changes  to  create  a  signal.  This 
is  done  in  the  case  of  thermopiles  and  calorimeters  by  using  the  thermoelectric 
effect,  and  in  the  case  of  pyroelectrics  by  measuring  the  signal  produced  when 
the  polarization  of  a  dielectric  in  a  capacitor  changes  due  to  temperature 
change.  The  term  "calorimeter"  is  sometimes  used  when  talking  about  thermopile- 
. type  detectors,  as  both  types  are  used  as  the  basis  for  power  and  energy 


measuring  instruments.  One  technique  which  may  be  used  is  to  calibrate  a 
photodiode  detector  using  a  power/energy  meter,  then  use  the  photodiode  as  a 
monitor  of  the  beam  energy.  This  technique  would  get  around  the  inability  of 
conventional  meters  to  separate  out  a  single  lOOps  pulse  from  a  train  of  such 
pulses.  Sdentech  Inc.  has  a  line  of  thermopile-based  power /energy  meters,  of 
which  the  4"  volume  absorbing  calorimeter  combined  with  a  power  and  energy 
indicator  would  work  well.  Other  companies  manufacturing  similar  devices  are 
Gentech,  Advanced  Kinetics,  and  Apollo  Lasers.  This  type  of  instrument  is 
very  common  and  should  present  no  problems  in  terms  of  inability  to  meet 
specifications  for  energy  measurement  of  this  system.  A  pyroelectric  detector 
was  suggested  as  an  energy  monitoring  device  for  the  laser,  but  use  of  the 
photodiode  should  make  this  unnecessary.  It  should  be  noted  that  at  Los  Alamos 
National  Laboratory  a  pyroelectric  detector  was  made  to  function  on  a  10-35ps 
scale  in  conjunction  with  a  LANL-bullt  ocilloscope.  [11]  The  reason  (besides 
potential  for  fast  response)  the  pyroelectric  detector  was  chosen  was  because 
of  its  good  room  temperature  response  at  10. 6u,  a  wavelength  where  semiconductor 
detectors  often  have  excessive  noise  due  to  background  infared  radiation.  The 
material  chosen  for  the  LANL  system  was  strontium  barium  nlobate  (SBN).  The 
article  also  talked  about  using  another  Instrument  to  calibrate  the  detector 
to  be  used  as  the  beam  monitor.  In  the  case  of  the  LANL  experiment,  the  device 
used  to  calibrate  the  detector  was  a  streak  camera. 

The  streak  camera  was  purposely  left  out  of  the  classification  of 
detectors  because  it  is  more  of  a  system  than  any  of  the  detectors  previously 
discussed.  The  screak  camera  operates  much  like  a  TV  camera,  and  can  obtain 
very  good  time  resolution  and  very  good  sensitivity.  Hamamatsu  sells  a  streak 
camera  system  (Temporaldisperser)  with  resolution  to  lps.  There  is  currently 
on  loan  to  the  laboratory  a  framing/streak  camera  made  by  Imacon  with  a 
resolution  of  about  150ps.  The  problem  with  purchasing  a  camera  system  is  chat 
streak  cameras  currently  cost  $40, 000- $100, 000.  The  operation  of  a  camera  as 


a  dector  Is  tedious,  making  more  attractive  the  idea  of  using  the  camera  as  a 
calibration  tool  for  a  separate  detector. 

With  the  detector  a  means  is  needed  of  recording  the  detector  signal  for 
analysis.  The  same  limitations  on  bandwidth/risetime  apply  to  the  detector 
electronics  as  to  the  detectors  themselves.  A  fudge  to  get  around  this  require- 
will  be  explained  later.  The  problem  to  be  overcome  (as  with  the  detectors)  is 
that  the  mode-locked  pulses  are  extremely  short  and  have  a  very  short  risetime. 
The  frequency  at  which,  the  pulses  occur  is  100MH2  (T-lOus)  which  is  well  within 
the  response  of  many  detectors  and  ocilloscopes.  The  frequency  response 
required  to  respond  without  distortion  to  the  individual  pulses  is  about  10GHz, 
which  is  beyond  the  capability  of  any  conmtfrcial  ocllloscope  or  transit  sampler 
today.  There  are  two  ways  of  recording  the  detector  signal.  The  first  method 
is  to  use  a  high  speed  ocllloscope  and  to  photograph  the  trace.  The  fastest 
ocllloscope  on  the  market  today  is  the  Tektronix  7104,  with  a  bandwidth  of  1GHz 
and  a  rlsetime  of  330ps.  This  scope  would  display  the  mode-locked  pulses,  but 
would  distort  them  considerably.  There  are  sampling  oscilloscopes  which  can 
accurately  reproduce  up  to  14GHz  signals,  but  these  require  a  repetitive  signal. 
The  lma  to  10ms  pulse  train  is  not  long  enough  to  allow  the  use  of  sampling, 
which  samples  parts  of  many  pulses  and  produces  a  composite  pulse  with  the 
same  characteristics  as  the  original  signal.  The  fastest  conventional  oscillo¬ 
scopes  after  the  7104  are  500MHz  bandwidth  scopes.  This  includes  ocilloscopes 
produced  by  Hewlett-Packard  and  other  companies.  The  second  method  for  recording 
the  signal  is  the  use  of  a  transient  digitizer.  These  are  manufactured  by 
several  companies.  including . Gould  Blomation  and  Tektronix.  The  waveform 
digitizer  is  able  to  take  an  Incoming  signal  and  store  it  digitally  for  display 
or  analysis.  The  fastest  digitizer  currently  on  the  market  is  the  Tektronic 
7912AS  Programable  Transient  Waveform  Digitizer.  This  has  a  variable  real  time 
bandwidth  from  650MHz  to  1GHz,  depending  on  the  plug-ins  used.  The  advantage 
ot  the  digitizer  is  chat  the  signal  can  be  fed  to  a  computer  for  correction 
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(of  the  bandwidth  distortion)  and  for  analysis  of  tha  signal  itself.  The 
7912AD  has  a  sampling  rate  which  samples  512  times  during  a  window  5ns  to  lOras 
wide  giving  a  sample  spacing  of  9.8ps  to  19.5us  between  samples.  This  is  up 
to  a  100GHz  sampling  rate.  The  analog  responae  of  the  amplifier  and  other 
7912AD  electronics  is  not  sufficient  to  amplify  and  accurately  through  out  a 
signal  with  a  frequency  of  100GHz.  The  process  which  occurs  is  that  the  amplifier 
amplifies  a  signal  and  aenda  the  signal  to  the  sampling  electronics.  The 
sempling  electronics  makes  a  record  of  the  voltage  every  lOps  (when  operating 
at  the  maximum  rate).  If  the  frequency  of  . the  slgnel  is  .beyond. the  bendwldth/ 
risetime  of  the  rest  of  the  system  electronics,  the  sampling  electronics  will 
read  the  voltage  each  lOps  (max  rate)  of  a* signal  which  has  been  distorted, 
broadened,  or  poorly  amplified  to  a  greater  of  lesaer  extent  which  depends  on 
the  frequency  of  the  original  signal. 
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b.  Research  Objectives  / 

The  aim  of  the  analytical  effort  is  to  study  the  detailed  mechanisms 
involved  in  laser-gasdynamic  interactions  to  improve  our  understanding  of 
the  physical  mechanisms  involved.  Specific  aspects  of  this  problem  which 
were  addressed  include: 

1.  Verify  the  capability  for  obtaining  two-dimensional  numerical 
solutions.  Continue  to  upgrade  algorithm  to  Improve  reliability  and 
convergence . 

2.  Calculate  the  rate  of  propagation  of  the  absorption  zone  in  an 
internal  flow  situation  and  estimate  variations  in  absorption  zone  volume 
with  dominant  parameters  in  the  laser  propulsion  problem  Including:  laser 
power,  intensity,  f-nuaber,  gas  constituents  and  absorptivity 
characteristics. 

3.  Develop  a  one-dimensional  stability  analysis  of  the 
laser-gasdynamic  Interaction  and  assess  potential  instabilities  which  may 
be  encountered  in  experimental  situations. 
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Status  of  Research  Effort 


Detailed  modeling  of  laser-flowfield  interactions  is  proceeding  in 
three  distinct,  but  related,  directions.  In  the  simplest,  a 
one-dimensional  analysis  is  being  used.  The  seoond  direction  that  is  being 
pursued  is  the  solution  of  the  complete  two-dimensional  problem  including 
the  effects  of  arbitrary  beam  convergence  and  realistic  cross-beam 
intensity  profiles.  The  third  area  of  analysis  concerns  the  stability 
characteristics  of  the  laser-gasdynamic  interaction.  Thus  far,  stability 
characteristics  are  being  studied  in  only  the  one-dimensional  approximation. 
These  analyses  all  share  a  common  numerical  procedure. 

The  physical  phenomena  being  modeled  are  indicated  on  Fig.  1.  In 
particular,  the  analysis  takes  into  account  (equilibrium)  real  gas 
properties  including  specific  heats,  molecular  weights,  viscosity, 
conductivity  and  gas  absorptivity.  In  the  one-dimensional  analysis  the 
incoming  radiation  is  constrained  to  be  uniform  across  the  passage  and  to 
converge  at  the  same  rate  as  the  geometry.  In  the  two-dimensional  analysis 
the  beam  can  be  focused  at  an  arbitrary  point,  and  can  have  an  arbitrary 
cross-stream  intensity  profile.  The  stability  analysis  considers  the 
amplification  of  infinitesimal  disturbances  by  the  laser-gasdynamic 
interaction  with  the  intent  of  llluoldating  the  dynamic  behaviors  of  these 
interactions. 

During  the  present  twelve  months,  a  parametric  study  of  the 
one-dimensional  interaction  was  begun.  Previous  work  had  inoluded 
representative  one-dimensional  solutions,  but  no  systematic  studies. 
Representative  results  were  reported  in  Ref.  d7  which  showed  that  the  mass 
flow  through  a  one-dimensional  nozzle  with  laser  heat  addition  could  attain 
multiple  values.  This  arises  because  of  a  hysteresis  loop  that  is 


encountered  as  laser  power  is  first  increased  to  high  levels  and  then 
reduced  to  low  values.  At  low  powers,  laser  absorption  is  very  low,  but 
above  a  particular  power  level  the  fractional  power  absorbed  Jumps  to  high 
levels  (approaching  1 00t).  As  power  is  layered  again,  this  high  fractional 
absorption  persists  until  substantially  lower  powers  at  which  point  it 
again  abruptly  goes  "out”,  thus  creating  a  region  of  multiple  solutions. 
Similar  studies  of  the  effect  of  inlet  temperature  show  similar  substantial 
changes  in  fractional  power  absorption  with  changes  in  the  inlet 
temperature.  Some  representative  results  of  this  nature  are  shown  on  Fig. 
2. 

The  first-ever  two-dimensional  calculations  which  couple  the  effeots 
of  a  variable  gas  absorptivity  to  a  flowing  gas  were  also  completed  during 
the  present  year.  (Some  previous  two-dimensional  results  for  a  constant 
absorptivity  gas  were  reported  in  Ref.  d6.)  In  these  calculations,  the 
absorptivity  of  hydrogen  with  1}  Cs  seedant  was  used.  Representative 
temperature  contours  for  a  series  of  laser  powers  are  shown  in  Fig.  3.  One 
of  the  characteristics  noted  in  the  two-dimensional  flow  is  that  the 
central  portion  of  a  gaussian  beam  is  absorbed  more  rapidly  than  the  outer 
portion  so  that  the  peak  Intensity  at  downstream  stations  occurs  off-axis, 
as  shown  in  Fig.  4.  The  two-dimensional  results  show  that  the  strongest 
gradients  are  in  the  radial  (not  the  axial)  direction  and  that  gas  flow 
rates  are  completely  independent  of  the  one- dimensional  eigenvalue 
solutions. 

Results  of  the  one- dimensional  stability  characteristics  of  a 
laser-gasdynamlo  interaction  were  also  calculated  during  the  subjeot 
reporting  period.  These  results  show  that  disturbances  are  amplified  in  a 
converging  nozzle  for  almost  all  conditions,  but  that  this  amplification  is 


weak  and  is  offset  by  the  available  damping  at  other  points  in  the  nozzle. 
Some  representative  growth/deeay  curves  for  disturbances  of  one  wavelength 
are  given  in  Fig.  5.  Other  results  were  reported  in  Ref.  d7. 
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Gregory  A.  Molvik,  Graduate  Assistant,  M.S.  1984,  Present  address: 
CFD  Group,  NASA/Ames,  Moffett  Field,  CA. 

Peter  Tsai,  Graduate  Assistant,  September  1983-Present. 

Anticipated  M.S.  Thesis,  "Stability  Characteristics  of  Laser- 
Supported  Plasmas." 


f.l.  Interactions  (Spoken  Papers) 


"Analysis  of  Laser-Supported  Combustion  Waves  in  Flowing  Media," 
AFOSR/AFRPL  Rocket  Propulsion  Research  Meeting,  Lancaster,  CA, 

March  26,  1981. 

"The  Potential  for  Using  Laser  Radiation  as  an  Energy  Source  for 
Propulsion,"  Orbit  Raising  Propulsion  Workshop,  Orlando,  FL, 

January  16,  1982. 

"The  Use  of  Electromagnetic  Radiation  as  an  Energy  Source  for 
Propulsion,"  Symposium  on  Advanced  Propulsion  Concepts  Using 
Time-Varying  Electromagnetic  Fields,  East  Lansing,  MI,  February  4, 
1982. 

"Analysis  of  Laser-Supported  Plasmas  in  Flowing  Media,"  AFOSR/AFRPL 
Rocket  Propulsion  Research  Meeting,  Lancaster,  CA,  March  3,  1982. 

"The  Absorption  of  Electromagnetic  Radiation  in  an  Advanced  Propulsion 
System,"  AIAA  Electric  Propulsion  Meeting,  New  Orleans,  LA,  November 
19,  1982. 

"Prediction  of  the  Flowfield  in  Laser  Propulsion  Devices,"  AIAA  18th 
Thermophysics  Conference,  Montreal,  Canada,  May  1983. 

"The  Effect  of  Strong  Heat  Addition  on  the  Convergence  of  Implicit 
Schemes,"  AIAA  6th  CFD  Conference,  Danvers,  MA,  June  1983. 

"A  Two-Dimensional  Analysis  of  Laser  Heat  Addition  in  Converging 
Nozzles,"  AIAA  Aerospace  Sciences  Meeting,  Reno,  NV,  January  1984. 

"Stability  of  Absorption  Phenomena  in  Laser-Thermal  Propulsion 
Gasdynamic  Interaction,"  AIAA  17th  Fluid  Dynamics,  Plaamadynamics  & 
Lasers  Conference,  Snowmass,  CO,  June  25-27,  1984. 

"High  Power  Nd-Glass  Laser  Instrument  for  Advanced  Propulsion  and 
Diagnostics",  AFOSR/AFRPL  Rocket  Propulsion  Research  Meeting, 
Lancaster,  CA,  March  12-15,  1984. 

f .2.  Interactions  (Advisory  Functions) 

Member  of  Workshop  Panel,  "Concepts  and  Experiments,"  NASA/Michigan 
State  Symposium  on  Advanced  Propulsion  Concepts  Using  Time-Varying 
Electromagnetic  Fields,  February  1982. 

"Aerospace  Propulsion  at  Penn  State,"  presentation  to  General  Robert 
T.  Marsh,  USAF,  The  Pennsylvania  State  University,  University  Park, 

PA,  May  5,  1982. 


g/h.  Sew  Discoveries  and  Other  Statements 


The  first  two-dimensional  solutions  of  the  interaction  between  a 
laser  beam  and  a  flowing  gas  have  been  obtained.  These  results  afford 
substantial  new  understanding  of  the  laser  absorption  process.  The  results 
show  that  radial  gradients  arising  near  the  edge  of  the  converging  beam  are 
stronger  than  axial  gradients,  thus  indicating  that  the  earlier  approximate 
one-dimensional  analyses  for  this  problem  are  complete  incorrect.  The  mass 
flow  through  the  absorption  zone  can  also  take  on  nearly  any  value  and  is 
not  restricted  to  a  unique  eigenvalue  as  suggested  by  these  earlier  models. 
The  results  also  show  that  the  fraction  of  power  absorbed  is  maximized  by 
proper  selection  of  the  incoming  power,  the  mass  flow  and  the  pressure 
level  in  the  nozzle.  The  power  remaining  in  an  initial  gausslan  beam  is 
likely  to  be  concentrated  near  the  outer  edges  of  the  beam  as  the  central 
part  of  the  beam  Is  absorbed  most  readily.  The  two-dimensional  results 
also  suggest  substantial  amounts  of  energy  can  be  absorbed  in  the  diverging 
portion  of  the  beam. 

The  stability  results  are  all  one- dimensional  in  nature  and  must  be 
considered  as  qualitative  at  best,  but  they  represent  the  most  complete 
study  of  the  stability  problem.  The  results  show  that  heat  addition  in  a 
converging  nozzle  provides  a  proper  environment  for  amplification  of 
disturbances,  but  in  the  one- dimensional  analysis,  this  amplif 1 cat ion  does 
not  appear  to  cause  difficulties  exoept  in  limiting  cases  of  very  high 
powers  where  instabilities  may  prevent  a  stable  solution. 
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